The green fluorescent protein has gained interest in bioanalytical applications due to its visible fluorescence. As the usage of green fluorescent protein increases, more appropriate fluorescence instrumentation is required. Most fluorescence instrumentation uses ultraviolet light as the excitation source for the determination of green fluorescent protein. However, ultraviolet radiation may damage biological molecules and affect the quantitative analysis. In this study, the effects of the ultraviolet radiation period and the mass of green fluorescent protein on the fluorescence determination were characterized using gel imaging. The ultraviolet illumination period affected the green fluorescent protein fluorescence intensity. The fluorescence increased with the ultraviolet illumination time from 30-90 s. However, the fluorescence intensity decreased when the excitation period was longer, probably due to photobleaching. The photobleaching decreased when a higher concentration of enhanced green fluorescent protein was employed. This gel imaging study has provided a better understanding of the optimum conditions for the determination of green fluorescent protein.
Introduction
Green fluorescent protein is obtained from the bioluminescent jellyfish, Aequorea victoria, in the North Pacific Sea. [1] It discovered by Osamu Shimomura and this discovery has developed into many applications. Green fluorescent protein is a 27-kDa protein which is made of 238 amino acid residues. It is composed of an 11-strand b-sheet with a central coaxial a -helix in a novel three-dimensional configuration. [2, 3] The chromophore that lies within the b-sheet absorbs light in the ultraviolet and emits green light. By modifying the locations of amino acids, the green fluorescent protein has been modified into derivatives that include the enhanced green fluorescent protein.
Random mutagenesis affects the proteins spectral characteristics, and hence these mutants exhibit more intense green fluorescence at specific conditions. [4] Green fluorescent protein may be used as a marker for protein subcellular localization and protein-protein visualization. [5, 6] Given its large number of applications, quantitative analysis has been performed by spectrofluorometry, [7] flow cytometry, [8] fluorescent microscopy, [9] and gel imaging systems [10] were designed for green fluorescent protein determination. In fluorescence instrumentation, ultraviolet light is used as the light source for green protein fluorescence. However, ultraviolet radiation induced photoconversion may occur in the chromophore of green fluorescent protein and the irradiation period may affect the fluorescence intensity. [11] In addition, photobleaching occurred when enhanced green fluorescent protein was irradiated by high power ultraviolet light for a prolonged period. [12] Therefore, the reliability and accuracy of fluorescence-based quantitation devices to measure the protein fluorescence intensity is questionable. The goal of this study was to investigate the effects of ultraviolet radiation period and enhanced green fluorescent protein concentration on the fluorescence determination using gel imaging. A better understanding of the interaction of ultraviolet radiation with green fluorescent protein is expected to improve quantitative determination of this important biomolecule.
Materials and methods

Enhanced green fluorescence protein expression and purification
Protein expression was performed, as described by Chew et al. [13] A single loop of Escherichia coli strain BL21(DE3) carrying the pRSETEGFP plasmid encoding the enhanced green fluorescent protein gene was obtained aseptically from glycerol stock and cultured on Luria-Bertani agar containing 100 µg/mL of ampicillin at 37°C for 18 h. A single colony was inoculated into 50 mL of Luria-Bertani broth containing 100 µg/mL of ampicillin, adjusted to pH 7.0, and incubated at 30°C with agitation of 200 rpm for 18 h. Batch fermentation was continued by transferring 5% (v/v) of the prepared inoculum into 200 mL Luria-Bertani broth containing 100 µg/mL of ampicillin and adjusted to pH 7.0. Fermentation continued to an optical density of 0.8-1.0 at 600 nm with shaking at 30°C and 200 rpm. Isopropyl-B-D-thiogalactopyranoside was added to a final concentration of 0.5 mM to induce the expression of the recombinant enhanced green fluorescent protein and the fermentation was continued for an additional 16 h.
Cells containing enhanced green fluorescent protein were harvested by centrifugation (5000 × g, 30 min, and 4°C). Sample buffer (20 mM of sodium phosphate, 0.5 M of sodium chloride, pH 7.4) was added to wash the cell pellet followed by centrifugation under the same conditions. The cells were resuspended in sample buffer and a 15% (w/v) suspension was prepared and maintained at -80°C for 15 min for bacterial lysis. The suspension was removed from the freezer and thawed by hand for 10 min. The freeze and thaw cycles were carried out three times. Cell debris was removed by centrifugation (5000 × g, 10 min, and 4°C) and the supernatant was passed through a 0.45 µm filter.
The recombinant enhanced green fluorescent protein was purified using a Histrap Fast Flow 1 mL column (GE Healthcare Life Sciences) precharged with 0.1 M of nickel sulfate. The enhanced green fluorescent protein clarified lysate was loaded on the equilibrated column. Non-specifically bound proteins were removed by washing with 10 mL of binding buffer (20 mM of sodium phosphate, 0.5 M of sodium chloride, and 20 mM of imidazole, pH 7.4). Subsequently, the purified enhanced green fluorescent protein was eluted from the column using 5 mL of elution buffer (20 mM of sodium phosphate, 0.5 m of sodium chloride, and 500 mM of imidazole, pH 7.4). A HiTrap Desalting 5 mL column (GE Healthcare Life Sciences) was used to exchange the buffer by removing the imidazole salt from the purified enhanced green fluorescent protein.
Lowry's method
The concentration of the purified enhanced green fluorescent protein was determined using modified Lowry's method [14] with bovine serum albumin as the protein standard. Sample (0.2 mL) was mixed with 1 mL of Lowry reagent [0.02% (w/v) of sodium carbonate, 0.004% (w/v) of sodium hydroxide, 0.0025% (w/v) of copper sulfate, 0.005% (w/v) of sodium citrate] and incubated in darkness for 10 min. The mixture was subsequently mixed with 0.1 mL of 0.5 N Folin-Ciocalteu reagent and incubated at room temperature for 30 min. The mixture was then measured at 750 nm using a spectrophotometer. Duplicate independent measurements were employed in order to obtain the average absorbance.
Gel imaging
The intensities of enhanced green fluorescent protein samples were quantified using gel imaging. [10] The enhanced green fluorescent protein samples were electrophoresed under a native and discontinuous system using an OmniPage minivertical system (Cleaver Scientific). Polyacrylamide gel [10 × 10 cm (length × width) and 0.2-cm spacer set] with a 4% (w/v) of stacking gel and a 15% (w/v) of resolving gel were used in this study. After electrophoresis, fluorescent bands of enhanced green fluorescent protein on the gel were captured using a fluorochem gel imaging system (D.I. Scientific) under various periods of ultraviolet irradiation (30-1350s, with 30 s interval). Ultraviolet lamps (365 nm) were used as the source and a fluorescein filter was used for green fluorescence detection (520 nm). The gel image was captured using the same lens control settings (apertures: 22; zoom: 70; focus: 0.7; exposure time: 2 s). The enhanced green fluorescent protein fluorescence intensity on the gel was quantified using AlphaEaseFC software by creating volume boxes around the fluorescent bands.
Results and discussion
The enhanced green fluorescent protein was expressed in Escherichia coli cells and purified to > 95% homogeneity. After determining the mass of protein by Lowry's method, the protein fluorescence intensities were determined by gel imaging. [10] To account for the different masses of enhanced green fluorescent protein, the fluorescence signals were normalized by equalizing the initial fluorescence intensities (Figure 1) .
Prolonged ultraviolet radiation period affected the fluorescence intensities as a function of protein mass (Figure 1 ). For the ultraviolet illumination periods from 30-90 s, the protein fluorescence intensity increased. Wild and photoactivated green fluorescent proteins showed similar fluorescence trends in which the proteins exhibited an initial increase in fluorescence when irradiated by 488 and 413 nm light. [11, 12] Irradiation by 395 or 490 nm light may induce photoisomerization of the wild green fluorescent protein. [15] Photoisomerization involves structural changes between isomers. In this study, irradiation of the enhanced green fluorescent protein at 365 nm caused the photoisomerization of the protein. Hence, the fluorescence intensities were increased at the initial exposure time.
A specific radiation period is required to allow the protein chromophores to absorb ultraviolet light and produce green fluorescence. Using gel imaging, the highest normalized fluorescence was obtained following 90 s of radiation (Figure 1) . When the wild green fluorescent protein was irradiated by laser scanning confocal microscopy at 488 nm, the highest intensity was obtained within 9 min of radiation. [11] The photoactivatable green fluorescent protein was irradiated by gel imaging using 413 nm light and 104-988 kW/cm 2 to obtain the highest fluorescence intensity between 10 and 50 µs. [12] It is therefore expected that the radiation time for highest fluorescence intensity depends on the intrinsic protein properties, the analytical method, excitation wavelength, and excitation power.
At 90 s of ultraviolet excitation, the fluorescence intensity increased linearly as the mass of enhanced green fluorescent protein increased from 1.78-2.37 µg (Figure 2 ). These results obey the Beer-Lambert law, which explains the linear dependence of the absorbance on quantity of analyte. [16] However, with a further increase in the mass of enhanced green fluorescent protein from 2.37-14.24 µg, the intensity of the fluorescence was not linear (Figure 2) . The deviation from the Beer-Lambert law may be due to aggregate formation in the polyacrylamide gel when a high protein masses were employed. This process causes excitation of ultraviolet light to only occur at the surface of the sample. [17] Hence, the decrease in normalized fluorescence intensity following 90 s of ultraviolet radiation is shown in Figure 1 . At irradiation periods longer than 90 s, the fluorescence of the enhanced green fluorescent protein decreased, perhaps due to fluorescence photobleaching. Fluorescence photobleaching is caused by photooxidation. The two necessary elements for photooxidation are light and oxygen. [18, 19] The ultraviolet light causes the chromophore of green fluorescent protein to fluoresce. However, proteins and genes are sensitive to ultraviolet light. [20] Long period of ultraviolet radiation may damage the green fluorescent protein and result in photobleaching. Moreover, the tyrosine in the chromophore of green fluorescent protein absorbed the ultraviolet light (315-400 nm) with the formation of reactive singlet oxygen. [20] Singlet oxygen is active and may further damage the DNA in the chromophore. [21] Hence, an increase in the period of ultraviolet radiation and the presence of oxygen accelerated fluorescence bleaching of the enhanced green fluorescent protein.
The fluorophore photobleaching was reported to involve a first-order reaction by Axelrod et al. [22] In this study, the photobleaching rate decreased as the mass of the enhanced green fluorescent protein increased from 1.78 to 14.24 µg (Figure 3) . Similar results were reported by Ma et al., [19] in which higher cellular quantum dot concentration reduced the photobleaching. The diffusivity of fluorescein in solution and bound were compared by microscopy. [18] The bound fluorescein has a smaller intermolecular distance compared with free molecules. Thus, the bound fluorescein was no longer freely exposed to oxygen and the photooxidation was reduced. [18] In this study, the small intermolecular distance for higher masses of enhanced green fluorescent protein may reduce oxygen diffusion into the chromophores and limit the photooxidation. Hence, high ratios of enhanced green fluorescent protein to oxygen are required to minimize photobleaching. This condition is most significant for subcellular organelles with high oxygen densities. [19] The ultraviolet radiation period and mass of enhanced green fluorescent protein were characterized by gel imaging. The correlation coefficients of calibration curves were between 0.946 and 0.953 (data not shown) using various ultraviolet excitation periods. Slightly higher correlation coefficients were obtained at longer excitation periods, resulting in superior standard curves for the determination of green fluorescent protein. However, longer ultraviolet excitation caused photobleaching. Hence, the optimum excitation period was from 60-120 to maximize the fluorescence while minimizing the photobleaching. These conditions provided the optimum signal-to-noise ratio and more precise and accurate results.
Conclusions
The fluorescence intensity of enhanced green fluorescent protein was affected by the ultraviolet radiation period and the mass of analyte. Higher masses of enhanced green fluorescent protein and shorter radiation periods induced less photobleaching. Hence, these conditions enhanced the performance of gel imaging for fluorescence analysis. The optimum radiation was determined to be between 60 and 120 s. An enhanced understanding of the influence of ultraviolet radiation upon gel imaging has significant analytical application for the determination of green fluorescent protein.
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